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Abstract
We present the complete history of structure formation in a simple dissipative dark-sector
model. The model has only two particles: a dark electron, which is a subdominant component of
dark matter, and a dark photon. Dark-electron perturbations grow from primordial overdensities,
become non-linear, and form dense dark galaxies. Bremsstrahlung cooling leads to fragmentation
of the dark-electron halos into clumps that vary in size from a few to millions of solar masses,
depending on the particle model parameters. In particular, we show that asymmetric dark stars
and black holes form within the Milky Way from the collapse of dark electrons. These exotic
compact objects may be detected and their properties measured at new high-precision astronomical
observatories, giving insight into the particle nature of the dark sector without the requirement of
non-gravitational interactions with the visible sector.ar
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1 Introduction
In spite of an extensive experimental program aiming to uncover the particle nature of dark
matter, no dark sector particle has yet been discovered. To this date, all the evidence for
the existence of dark matter, remains purely gravitational in nature. While many theories of
dark matter predict non-gravitational interactions with the Standard Model and motivate a
broad experimental program, it is possible that the dark sector is entirely secluded from the
Standard Model.
In the absence of a positive detection signal, significant progress in the understanding of
dark matter can still be made based uniquely on cosmological and astronomical observations,
which do not rely on non-gravitational interactions of the dark and visible sectors. While on
scales above ∼ 100 kpc cosmological observations are broadly consistent with dark matter
being cold and collisionless (CDM), astronomical observations of smaller scales may resolve
interesting thermodynamic properties of the dark sector. Groundbreaking progress in the
study of dark matter on small scales will be realized by a new generation of high-precision
astronomical observatories such as LIGO [1, 2], Gaia [3] and LSST [4–6].
In this scenario, the main challenge for particle physicists is to turn the experimental
program of high-precision observatories into a theory program for particle dark matter. One
task is to start with particle physics models and provide calculable predictions for the dark-
sector structure on small scales, so that in the event of an observation departing from the
CDM paradigm, one could pinpoint the underlying dark-sector model. Work in this direction
has been mostly concentrated in the study of primordial black holes [7] and axion stars [8–
11]. These are interesting objects on their own, but they have a formation history that shares
no resemblance with the one of baryons, which is the only example of structure formation
that departs from CDM and we know for sure was realized. However, if dark matter is
anything like the baryonic sector, the problem of understanding structure formation becomes
formidable, since baryons form structure by the linear growth of perturbations that later
undergo a rather complicated non-linear evolution that is accompanied by cooling. Numerical
simulations provide insight into the non-linear regime, but they are time-consuming and
computationally expensive, so they are not necessarily the best approach in an initial stage
of theory exploration.
Efforts in understanding small-scale structure in dissipative dark-sector models are al-
ready underway, and generically rely on models that mimic the Standard Model to benefit
from the intuition of baryonic structure formation [12–24]. However, the history of structure
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formation in the Standard Model is complicated, so in any model that mimics the baryonic
sector it is challenging to get calculable predictions.
In this work, we propose instead to start with the study of a simple dark-sector model
that forms interesting small-scale structure via cooling, as baryons do, but that is stripped
off the details and complications of the baryonic sector, most notably the existence of bound
states.1 The model contains only two particles: a dark electron, which is responsible for
forming astronomical objects and is a subdominant component of dark matter, and a mas-
sive dark photon, which mediates dark-electron self-interactions and leads to the cooling of
dark-electrons via bremsstrahlung. Non-gravitational interactions of the dark sector with
the Standard Model are not needed in this model. A complete dark-matter model would
likely contain more fields and complicated interactions, but we will show that this simple
model already provides valuable insight for understanding small-scale structure formation in
the dark sector. Very much like the baryonic sector, our dark-electron sector is a subdomi-
nant component of the matter content in the Universe and is asymmetric in nature [28–34]
(so there is no significant abundance of dark-positrons). It also forms cosmological and as-
tronomical structure as baryons do, starting from primordial overdensities that eventually
decouple from the Hubble flow and become compact, gravitationally-bound objects. How-
ever, in contrast to the case of baryons, the simplicity of our dark-electron sector allows a
straightforward description of its structure formation history and to effectively calculate the
typical mass and size of the final astronomical objects as a function of the particle model
parameters. In particular, the absence of bound states significantly simplifies the analysis of
cooling with respect to the case of baryons.
Despite the simplicity of the model, dark electrons form very interesting structure on
sub-galactic scales. We find that due to cooling a galactic halo consisting of dark-electrons
fragments, as the baryonic galactic halo does, and forms a variety of exotic compact ob-
jects, ranging from compact solar-mass-sized dark-electron “asymmetric stars” 2 to large
supermassive black holes. Our final results are summarized in Fig. 7, where we present the
mass and compactness of the exotic compact objects formed by halo fragmentation, as a
function of the particle-model parameters. These exotic compact objects could be extremely
abundant, even if dark electrons are only a small subdominant component of dark-matter.
In particular, assuming that the dark-electron sector corresponds to 1% of dark-matter, we
1Differently the models in [25–27].
2Asymmetric dark stars as gravitationally stable compact objects were first proposed and their properties
studied in [35] for fermionic dark matter and in [36] for bosonic dark matter.
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find that there could be as much as one solar-mass-sized asymmetric star consisting of dark
electrons for every ten baryonic stars within the Milky Way.
We organize this paper as follows. In Section 2, we present the simplified dark-sector-
particle model, discuss cosmological abundances and generic bounds on its parameter space.
In Section 3, we study the growth of dark-electron overdensities in the linear regime, starting
from the primordial perturbations contained in a scale-invariant power spectrum, and we
identify the parameter space leading to the formation of interesting structure departing
from the CDM paradigm. In Section 4, we study the growth of perturbations in the non-
linear regime on galactic scales, study the fragmentation of the halo due to cooling using
a Jeans analysis, and calculate the mass of the smallest dark-electron fragments, which
correspond to exotic compact objects. We study the stability of these objects and calculate
their compactness. We also discuss the limitations of our analysis; in particular, we do
not include angular momentum in the study of dark-electron halo collapse. In Section 5,
we briefly comment on the experimental signatures that could be pursued at high-precision
astronomical observatories. We leave technical details for appendices.
2 A simple dissipative dark sector model
We consider a model that is an Abelian gauge theory containing a Dirac fermion field ΨeD
and a gauge boson Aµ, which we refer to as the dark-electron and dark photon fields. Spon-
taneous breaking of the gauge symmetry gives a mass to the dark photon. The corresponding
Lagrangian is
L ⊃ i Ψ¯eDγµDµΨeD −meDΨ¯eDΨeD −
1
4
FµνF
µν +m2γDAµA
µ , (1)
where meD ,mγD are the dark-electron and dark photon-masses, respectively, and the gauge
coupling is defined with the normalization
Dµ = ∂µ − iqegDAµ . (2)
In what follows and without loss of generality we take the dark-electron charge to be qe = 1.
We also define a dark fine-structure constant as αD ≡ g2D/(4pi). Kinetic mixing of the dark
photon with the Standard Model photon is not necessary in what follows.
The objective in this paper is to determine if this model forms astronomical structure in
analogy to the Standard Model, but consisting of gravitationally bound objects composed
of dark electrons and dark photons instead of baryons. Since dark electrons may cool via
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Bremsstrahlung, which favors the formation of compact astronomical objects, we will be
mostly interested in structure consisting of dark electrons rather than dark photons. In
addition, we limit ourselves to the case meD  mγD to allow for Bremsstrahlung even when
dark electrons are non-relativistic, and we take the fine structure constant to be large to
allow for efficient cooling. In particular, we will see that the range 10−3 . αD . 10−1 will
efficiently produce exotic compact objects.
2.1 Cosmological abundances
To avoid complications arising from bound states and dark-electron-dark-positron annihila-
tions during structure formation, we impose that the dark sector is asymmetric and require
the cosmological abundance of dark positrons to be negligible. Since dark-electron number
is conserved by the interactions in Eq. (1), additional interactions breaking dark-electron
number and CP are needed in order for the asymmetry to be created. In addition, since at
high temperatures the gauge symmetry is restored, any charge asymmetry must be generated
at temperatures vH ∼ (gD/qH)mγD , where vH is the Higgs condensate breaking the gauge
symmetry and qH the Higgs gauge charge. For brevity, in this work we do not specify the
full mechanism leading to our effective theory nor the Higgs sector breaking the dark U(1)
gauge symmetry, but we refer the reader to [37] for an example on how to generate the elec-
tric charge asymmetry and on the details of the Higgs sector. Here we simply parametrize
the asymmetry by the ratio f of the background dark-electron energy density ρeD0 to the
background dark-matter energy density ρDM0 ,
f ≡ ρ
eD
0
ρDM0
. (3)
For the dark-positron abundance to be negligible at present times, dark positrons must ef-
ficiently annihilate with dark electrons in the early Universe. For concreteness, we require
their relic abundance to be less than a percent of the asymmetric dark-electron abundance.
This condition sets a minimal value for the fine structure constant to ensure efficient anni-
hilations, given by [37, 38]
αD ≥ 4.6 × 10−7
[
meD
1 MeV
] [
10−2
f
]1/2[
TeD |eD dec
TSM|eD dec
]1/2
, (4)
where TeD |eD dec and TSM|eD dec are the dark-electron and Standard-Model temperatures at
dark electron-dark positron chemical decoupling. The condition (4) may be equivalently
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rewritten as a condition on the dark electron temperature,
TeD |eD dec ≤ 4.6× 108
[
αD
10−2
]2 [
1 MeV
meD
]2[
f
10−2
]
TSM|eD dec . (5)
The abundance of dark photons is also determined by the annihilation between dark-
electrons and dark-positrons, which sets the temperature of dark-photon chemical decou-
pling. Since meD  mγD and since our fine structure constant is large, dark photons come
out of chemical equilibrium while relativistic in our minimal model. Dark photons are then
hot relics and their abundance after they become non-relativistic is given by
ργD0 = sYγDmγD , (6)
where s = (2pi2/45)g∗ST 3SM is the entropy density and
YγD = s
−1|γD dec
2ζ(3)
pi2
T 3γD |γD dec , (7)
where ζ(3) ' 1.2 and s|γD dec and TγD |γD dec are the entropy density and dark-photon temper-
ature at chemical decoupling. Eq. (6) sets a maximal dark-photon temperature at chemical
decoupling to avoid overclosure, given by
TγD |γD dec ≤ 0.2
[
g∗S|γD dec
10
]1/3[
1 keV
mγD
]1/3
TSM|γD dec , (8)
where TSM|γD dec is the Standard-Model temperature and g∗S|γD dec the number of effective
degrees of freedom, at dark-photon chemical decoupling.
In addition, since the formation of exotic compact objects requires a light dark photon
for efficient cooling through Bremsstrahlung, dark photons may be relativistic at nucleosyn-
thesis, in which case their temperature is strongly constrained from the effective number of
relativistic species, Neff [39]. To allow for light dark photons we require their temperature
at nucleosynthesis to be
TγD |BBN ≤ 0.5TSM|BBN . (9)
Note that for a dark-photon mass mγD & 8 eV and neglecting O(1) numbers coming from
factors of g
1/3
∗S , the overclosure limit, Eq. (8), is stronger than the limit from the effective
number of relativistic species, Eq. (9). More generally, we impose that the dark-photon tem-
perature satisfies the strongest of the limits Eqns. (8) or (9). The difference in temperature
between our dark sector and the Standard Model may for instance come from an asymmetric
reheating scenario [40].
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In this work, we assume that the total dark-matter abundance consists of dark electrons,
dark photons, and other cold or warm dark-sector particles that we do not specify. Since
dark electrons self-interact via the dark-photon force and we allow for a large fine structure
constant, the dark-electron sector is generically strongly self-interacting. To avoid bounds
from halo shapes and the bullet cluster [41, 42], we impose that dark electrons are no more
than ten percent of the total dark matter, f < 10% [43].
In a minimal setup, dark photons could in principle be the dominant component of
dark matter, as long as their mass satisfies mγD ≥ 0.3 keV to avoid washing out small-scale
structure via free-streaming [44] (we discuss this in more detail in Appendix A). However,
assessing the viability of this possibility would require a more careful analysis of structure
formation in the dark-photon sector, in addition to the study of structure formation in the
dark-electron sector. This is beyond the scope of this work, so in what follows we assume
that dark photons are also a subdominant component of dark matter, and that the dominant
dark matter species is cold and non interacting. Dark photons are clearly subdominant if
the dark-photon temperature is a factor of a few below the overclosure bound in Eq. (8).
We now move on to study structure formation in the dark-electron sector. The growth of
dark-electron and dark-photon perturbations starts from the small primordial overdensities
from inflation. In the next section, we discuss the evolution of these perturbations in the
initial stage of gravitational collapse using linear perturbation theory.
3 Growth of perturbations in the linear regime
In the first stage of gravitational collapse, the matter perturbations are smaller than the
background density, δ ≡ δρ/ρ ≤ 1. In this stage, a linear analysis may be performed
to study the evolution of dark electron overdensities and to determine the conditions for
these perturbations to grow. If the conditions for linear growth are fulfilled, dark-electron
overdensities may eventually become non-linear, decouple from the Hubble flow and form
self-gravitating objects.
The overall size of a perturbation in the linear regime at some redshift is determined
entirely by the gas thermodynamics, gravity, and by the initial conditions for the pertur-
bations. To make immediate contact with our simplified model, we start by summarizing
the basic thermodynamic properties of the dark-electron gas in Section 3.1. In Section 3.2,
we discuss the conditions for linear growth of the dark-electron perturbations. Finally, in
Section 3.3, we discuss the initial conditions of the perturbations and the transition into the
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non-linear regime.
3.1 The three thermodynamic regimes of the dark-electron gas
The growth of matter perturbations depends on the interplay between gravity and the restor-
ing pressure support provided by sound waves. The dark-photon and dark-electron gas may
be in different thermodynamic regimes, each one with a characteristic pressure and speed
of sound. The transition between the different regimes depends on the dark-electron and
dark-photon mean free paths, which are given by
`eD = 1/(σMneD) , `
C
γD
= 1/(σCneD) , (10)
where σM and σC are the Mo¨ller and Compton scattering cross sections, and neD ≡ ρeD/meD
is the dark-electron number density. The Compton and Mo¨ller scattering cross sections in
the non-relativistic limit are given by
σC = ζ
8pi
3
α2D
m2eD
[
1 +O
(
m2γD
m2eD
, v2eD
)]
, (11)
σM = 4pi
α2Dm
2
eD
m4γD
[
1 +O
(
m2eDv
2
eD
m2γD
, v2eD ,
αDmγD
meDv
2
eD
)]
, (12)
where veD '
√
3TeD/meD is the velocity of the non-relativistic dark electrons, and ζ = 1 or
ζ = 2/3 for the polarization-averaged cross section of relativistic or non-relativistic dark pho-
tons, respectively. The Compton scattering cross section has corrections of order m2γD/m
2
eD
that we neglect. For the Mo¨ller cross section, we work in the “contact interaction” limit
where the cross section is velocity independent, and we neglect non-perturbative corrections
that arise for αDmγD ≥ meDv2eD ' TeD , which are only logarithmic in the expansion factor
∼ log (αDmγD/TeD) [45, 46] and do not significantly affect the conclusions of this section.
Comparing Eqns. (11) and (12), we see that the Mo¨ller scattering cross section is enhanced
with respect to Compton by a factor of m4eD/m
4
γD
. As a consequence, the dark-electron mean
free path is much smaller than the dark-photon mean free path, `eD  `γD . Subject to this
hierarchy between the mean free paths, there are three possible thermodynamic regimes for
the dark electron and dark-photon gas, which are set by comparing the proper or physical
length scale λP of any particular perturbation we wish to study with `eD and `γD . The three
thermodynamic regimes are:
`γD  `eD  λP collisionless dark electron regime.
`γD  λP  `eD self-interacting eD gas. eD and γD decoupled.
λP  `γD  `eD tightly coupled eD − γD gas.
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The collisionless dark-electron regime `eD  λP is rather trivial. In this regime, the dark
electrons and dark photons are kinetically decoupled on the scale of the perturbation, they
have a vanishing speed of sound, and behave as CDM.
In the self-interacting dark-electron gas regime3, `γD  λP  `eD , dark-electron self-
interactions are common on the scale of the perturbation, but dark photons remain col-
lisionless. In this case, dark electrons behave as a collisional gas due to efficient Mo¨ller
self-interactions, but are decoupled from the background dark-photon gas. The total dark-
electron pressure has two contributions, one from the kinetic-equilibrium pressure, and the
second from the dark-photon repulsive force, and it is given by [35]
PeD = neDTeD +
2piαDn
2
eD
m2γD
, (13)
where TeD is the dark-electron gas temperature. The corresponding speed of sound is
ceDs =
√
TeD
meD
+
4piαDneD
meDm
2
γD
. (14)
Finally, in the tightly coupled regime, both dark electrons and dark photons scatter
efficiently within the scale of the perturbation, and must be treated as a unique comoving
electron-photon gas. For adiabatic modes, they share a common speed of sound given by [47]
ceDγDs =
[
(cγDs )
2 +Reγ (c
eD
s )
2
1 +Reγ
]1/2
, (15)
where ceDs is given in Eq. (14), while the dark-photon speed of sound, c
γD
s , is
√
1/3 or√
TγD/mγD for relativistic and non-relativistic dark photons, respectively, and TγD is the
dark-photon temperature. Reγ is proportional to the ratio of the dark-electron to dark-
photon energy densities
Reγ = ξ
ρeD0
ργD0
, (16)
where ξ = 3/4 (1) for relativistic (non-relativistic) dark photons, ργD0 is the energy density of
the dark photons given in Eq. (6), and ρeD0 is the asymmetric dark-electron energy density.
Note that for vanishing dark-photon abundances, the electron-photon speed of sound Eq. (15)
reduces to Eq. (14) as expected.
3 To ensure that dark electrons efficiently self-interact one must also check that the typical collision time
between two dark electrons τc = `eD/veD is shorter than a Hubble time, τc ' `eD/
√
3TeD/meD < H
−1. Since
we are interested in a strongly interacting dark-electron sector with `eD well below H
−1, the collision-time
condition is easily satisfied, unless the dark-electron sector is extremely cold.
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Figure 1: The three thermodynamic regimes of a dark-electron gas perturbation on a co-
moving scale that contains the Milky-Way mass, λMW = 4 Mpc (so that
pi
6
ρDM0 |z=0 λ3MW '
1012M), as a function of the dark-electron and dark-photon masses. The boundary be-
tween the collisionless and the self-interacting regimes is given by `eD = λMW/(1 + zeq),
while the boundary between the tightly-coupled and self-interacting regimes is given by
`γD = λMW/(1 + zeq), where the dark-photon and dark-electron mean free paths `γD,eD are
given in Eqns. (10), (11) and (12). The redshift has been set to matter-radiation equality,
zeq = 3400. The dark fine-structure constant has been set to αD = 10
−2, while the dark
electron background density has been set to be f ≡ ρeD0 /ρDM0 = 1% of the total dark-matter
abundance.
In Fig. 1 we present the three different dark-electron thermodynamic regimes for a per-
turbation on the scale of the Milky Way, with current Lagrangian radius λMW/2 = 2 Mpc (so
pi
6
ρDM0 |z=0 λ3MW ' 1012M), as a function of the dark-electron and dark-photon masses and
at the onset of the linear growth of matter perturbations, i.e., at matter-radiation equality
zeq = 3400. From Fig. 1, we see that for large dark-photon masses, which suppress Mo¨ller
scattering, dark electrons behave as a collisionless gas. More generally, at some redshift z, for
any perturbation of a given current (or comoving) size λC = (1 + z)λP , there is a threshold
value for the dark-photon mass above which dark electrons are collisionless. This threshold
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mass is obtained by setting `eD = λP and using Eqns. (10), (12), and it is given by
mγD ' 60
√
1 + z
[
αD
10−2
]1/2[
meD
1 MeV
]1/4[
f
10−2
]1/4[
λC
1 Mpc
]1/4
keV . (17)
In order to obtain predictions for small-scale structure formation that depart from the
CDM paradigm, in this work we focus on the case in which our dark sector is collisional.
For this reason, we commit to dark-photon masses below the threshold value in Eq. (17)
throughout matter domination, i.e., up to z ' 0. For a perturbation of the size of the Milky-
Way galaxy, λC = 4 Mpc, and typical model parameter values meD = 1 MeV, αD = 1/100,
dark-electrons remain kinetically coupled for mγD ≤ 90 keV. This ensures, for instance, that
as dark-electron halos form via gravitational collapse, they can heat up, as baryons do.
Finally, from Fig. 1, we see that for small meD , where Compton scattering is efficient
(c.f. Eq. (11)), the gas is in the tightly coupled regime. In general, for any perturbation with
current (or comoving) size λC = (1 + z)λP there is a dark-electron mass below which the gas
is tightly coupled. Setting `γD = λP and using Eqns. (10) and (11), this threshold value for
meD is given by
meD ' 2× 10−2 (1 + z)2/3
[
αD
10−2
]2/3[
f
10−2
]1/3[
λC
1 Mpc
]1/3
MeV . (18)
Equipped with the expressions for the speed of sound of dark electrons in each thermo-
dynamic regime, we are now ready to study the growth of dark-electron overdensities using
linear perturbation theory. We present the linear analysis in the following section.
3.2 Dynamics of linear-perturbation growth
In this section, we identify the conditions to ensure the growth of dark-electron perturbations
in the linear regime. A summary of the evolution and rate of growth of cold dark matter
(CDM), interacting matter, and radiation overdensities as a function of the scale factor is
given in Table 1. Both CDM and interacting-matter perturbations grow significantly only
after matter-radiation equality. For the dark-electron perturbations to grow starting at
some redshift after equality, they must be non-relativistic and satisfy the Jeans condition to
ensure that gravity overcomes the restoring dark-electron pressure force at that redshift and
at later times. Since we are not requiring dark-photon overdensities to necessarily collapse,
dark photons may be either relativistic or non-relativistic.
According to the Jeans condition, a dark-electron perturbation with proper scale λP is
unstable to gravitational collapse if the scale exceeds the proper Jeans length, λP ≥ λJ . The
12
Radiation domination Matter domination
CDM log(a) a
Interacting Matter
λP < λ
m
J −
λP > λ
m
J log(a)
λP < λ
m
J −
λP > λ
m
J a
Radiation − −
Table 1: Growth of sub-horizon linear perturbations of proper scale in the conformal New-
tonian gauge as a function of the scale factor a. The hyphen “−” stands for no growth. λmJ
stands for the Jeans length of radiation or of an interacting matter component. All super-
horizon-sized perturbations are constant in the conformal Newtonian gauge. The growth of
CDM, interacting matter, and radiation perturbations is studied in detail in [48, 49, 47, 50–
53].
proper Jeans length is given by
λJ = cs
(
pi
ρG
)1/2
, (19)
where cs is the dark-electron speed of sound, given by Eqns. (14) and (15), and ρ is the total
matter density, which in this section corresponds to the background dark-matter density
ρDM0 . The speed of sound depends on the dark-electron and dark-photon temperatures. The
dark-electron temperature is a free parameter in our model. The dark-photon temperature,
on the other hand, remains equal to the dark-electron temperature up to kinetic decoupling.
For a relativistic dark photon, the thermal-decoupling temperature may be estimated by
comparing the rate of relativistic Compton-energy transfer to dark electrons with the Hubble
expansion rate [54]
H(z) =
σCρ
0
γD
meD
=
pi2
15
σC
meD
T 4γD , (20)
where in the second line we made use of the relativistic energy density ρ0γD = (pi
2/15)T 4γD and
H(z) is the Hubble expansion parameter. For a fixed relativistic dark-photon to Standard
Model temperature ratio, one may obtain the redshift z as a function of TγD , so the relation
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(20) can be numerically solved to find the Standard Model and dark sector temperature
T kin. deceD,γD at decoupling of the dark-electron and dark-photon temperatures.
If T kin. deceD,γD . mγD , the dark electrons and dark photons decouple while dark photons are
already non relativistic. In this case, after kinetic decoupling both the dark-electron and
dark-photon temperatures redshift as a−2, so both sectors remain at the same temperature
until today.4 On the other hand, if T kin. deceD,γD & mγD , the dark electrons and dark photons
decouple while dark photons are relativistic, so the dark-electron sector becomes compara-
tively colder than the dark-photon sector by a factor a−1. Note however that regardless of
the dark-photon mass, Compton-energy transfer is efficient in the tightly coupled regime, so
for the purpose of calculating the dark-electron speed of sound in the tightly coupled regime
one may always set TeD = TγD .
To demonstrate if linear growth of perturbations happens for the interacting dark-electron
thermodynamic regimes, we show in Fig. 2 the regions of parameter space satisfying the Jeans
criterion at matter-radiation equality for a perturbation on a comoving scale containing the
Milky Way mass, λMW = 4 Mpc. On the left panel of Fig. 2, we show such regions as a
function of the dark-electron mass and dark-photon to SM temperature ratio, while on the
right panel we present the regions as a function of the dark-electron and dark-photon masses.
The boundary of the gray region is set by λMW/(1+zeq) = λJ . Away from the tightly-coupled
regime, in order to obtain this boundary we must specify the dark-electron temperature. In
this case, we have checked using Eq. (20) that along the boundary the dark-electrons and
dark-photons are kinetically coupled at equality, so we may set TeD = TγD for the purpose
of obtaining this boundary. We note that depending on meD , the dark-electron gas may
be in the tightly-coupled or self-interacting regimes at equality, as discussed in the previous
section. The two regimes are separated in Fig. 2 by the boundary Eq. (18) in dashed black.
We also observe that galactic-sized dark-electron perturbations may grow after equality both
in the self-interacting and tightly coupled regimes. Note that this is in stark contrast with
the baryonic sector, where the baryonic gas is tightly coupled with photons at equality, and
grow of galactic-sized perturbations cannot happen before recombination.
Galactic-sized dark-electron perturbations can grow in the tightly-coupled regime, since
dark photons may be non-relativistic and their abundance small, so that dark electrons do
not feel a large radiation pressure. This can be seen in Fig. 2 (left) at small temperatures,
or Fig. 2 (right) at large dark-photon masses. From Fig. 2 and from Eq. (18), we note that
4Note that Eq. (20) is not valid for a non-relativistic dark-photon, but it suffices to find the boundary
where kinetic decoupling happens when dark-photons are already non-relativistic T kin. deceD,γD = mγD .
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Figure 2: Left: In gray are regions of dark-electron mass and dark-photon to SM tempera-
ture ratio that do not satisfy the Jeans criterion at matter-radiation equality zeq = 3400 for
linear growth of Milky-Way sized dark-electron perturbations, λMW|zeq ≡ λMW/(1+zeq) > λJ ,
λMW = 4 Mpc, for f ≡ ρeD0 /ρDM0 = 1%, αD = 10−3, and fixed mγD = 0.01 eV. For the chosen
dark-photon mass, dark photons are relativistic at equality in all the parameter space in the
figure. The dashed-black line indicates the transition between dark-electron thermodynamic
regimes, from a tightly-coupled gas of dark electron and dark photons, to an interacting
gas of dark electrons that are decoupled from dark photons. The red and blue regions
are excluded by dark-photon abundance overclosure and ∆Neff, respectively; see Eqns. (8)
and (9). The green region is not compatible with an effectively asymmetric dark sector due
to inefficient dark-positron annihilations, Eq. (5). Right: Same as left, but as a function of
the dark-electron and dark-photon masses, for a fixed present-day dark-photon temperature
TγD |BBN = TSM|BBN/10.
galactic-sized perturbations are in the tightly coupled regime throughout matter domination
typically if meD . 1 MeV (for the parameter choice shown in the figure). In Section 4, we will
see that the formation of compact objects from dark electron halo fragmentation typically
happens for meD & 1 MeV, so in what follows we commit to this range for the dark-electron
mass. For meD ≥ 1 MeV, galactic-sized dark-electron perturbations decouple from the dark
photons during or before matter domination for all the parameter space considered in this
work, so we need to ensure that linear perturbations may grow in the self-interacting gas
regime.
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In the self-interacting gas regime, perturbations may grow linearly if they overcome the
dark-electron pressure Eq. (13). At the low densities typical of the linear regime and for large
enough dark-photon masses we may take the dark-electron pressure to be mostly kinetic,
PeD ' neDTeD .5 As a consequence, the Jeans criterion is satisfied as long as the dark-electron
sector is cold enough. In fact, imposing that overdensities of the size of our galaxy may grow,
λMW/(1 + z) > λJ , leads to a constraint on the dark electron temperature given by
TeD < 80
[
meD
1 MeV
]
K ' 30
[
meD
1 MeV
]
TSM . (21)
Note that the constraint Eq. (21) is redshift independent, since both the Jeans and Milky-
Way dimensions grow linearly with the scale factor. It turns out that the condition Eq. (21)
on the dark-electron temperature is automatically satisfied once we impose the limits Eq. (8)
and Eq. (9) from dark-photon overclosure and from the number of relativistic species Neff.
The conditions (8) and (9) are limits on the dark-photon temperature at dark-photon chem-
ical decoupling and BBN, but they can be translated into limits in the dark-electron tem-
perature at matter domination as follows. First, if dark electrons and dark photons are in
thermal contact down to matter domination and if dark-photons remain relativistic, the dark
electron temperature redshifts as 1/a down to matter domination, and the limits Eqns. (8)
and (9) apply directly on TeD at matter domination (up to factors of g
1/3
∗S ). In this case we
immediately see that the limits Eqns. (8) and (9) are an order of magnitude more stringent
than the condition (21). This is the case shown in Fig. 2, where the limits from Neff and
overclosure are indicated by blue and red contours, respectively. On the other hand, in the
scenario where the dark electron temperature redshifts non-relativistically (as 1/a2) before
or during matter domination, the dark electron to SM temperature ratio becomes much
smaller than the ratios in Eqns. (8) and (9), so the condition (21) is trivially satisfied.
While in Fig. 2 we presented an analysis of the Jeans condition at matter-radiation equal-
ity, ensuring growth of perturbations at equality is a sufficient but not necessary condition
for the dark-electron perturbations to efficiently follow the dominant CDM component into
the non-linear regime. In practice, it suffices to satisfy the Jeans criterion a few Hubble times
before CDM peturbations become non-linear. The reason is that after dark-electron pertur-
bations start growing, their difference with the dominant CDM dark-matter perturbations
(δCDM−δeD)/δCDM decreases with the scale factor approximately as 1/a [47], so dark-electron
perturbations quickly catch up with the CDM perturbations. If the temperature of our dark
5The pressure due to the repulsive dark-photon force will be important later on deep in the non-linear
regime, where the dark-electron densities are high.
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sector is below the limit in Eqns. (8) and. (9), our dark-electron perturbations are guaranteed
to grow after they transition from the tightly coupled into the self-interacting regimes. For
all the parameter space considered in the rest of this work, 10−3 ≤ αD ≤ 10−1, meD ≥ 1 MeV,
f ≤ 10−1, we have checked that such transition happens early enough. In addition, note that
once the Jeans criterion is satisfied at some redshift for a perturbation of physical scale λP it
is also satisfied at later times, so the dark-electron perturbations are guaranteed to become
non-linear at some point. The reason is that from Eq. (14) we see that in the dark electron
interacting gas regime, the dark electron speed of sound decreases at least as ∼ a−1/2. As a
consequence, the Jeans length in Eq. (19), increases at most as ∼ a, which is the same growth
rate as the scale of the perturbation λP . We estimate the redshift at which galactic-sized
dark electron perturbation become non-linear in the next section.
Based on the previous discussion, we choose a dark sector with the following parameters:
1. dark-photon mass below the threshold value in Eq. (17) setting λC = 4 Mpc and z = 0,
mγD ≤ 85
[
meD
1 MeV
]1/4[
αD
10−2
]1/2[
f
10−2
]1/4
keV , (22)
2. fine-structure constant 10−3 ≤ αD ≤ 10−1 ,
3. dark-electron mass meD ≥ 1 MeV,
4. dark-sector temperature satisfying the limits Eqns. (5), (8) and (9),
5. dark-electron to dark-matter-background density ratio f ≤ 10%.
For these parameters, the dark electrons on galactic scales are a self-interacting gas in kinetic
equilibrium throughout matter domination, and the corresponding galactic-sized perturba-
tions are guaranteed to grow gravitationally until they become non-linear. The first and sec-
ond conditions in the item list above ensure dark electrons are collisional throughout matter
domination so they may heat up after halo collapse. The second, third, and fourth conditions
ensure that dark electrons decouple from dark photons during or before matter domination
and track the CDM perturbations into the non-linear regime, that the dark electron sector
is effectively asymmetric (dark positrons efficiently annihilated in the early Universe), and
that bounds from overclosure and nucleosynthesis are avoided. The last condition ensures
that bounds from self-interactions in the dark sector are evaded. The conditions above are
sufficient, but not necessary for dark electron halos to transition into the non-linear regime
and to efficiently heat up after collapse. There are other regions of parameter space leading
to an interesting structure formation history for our dark sector, but for concreteness and
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brevity we commit to the above choices and we now move on to discuss the transition into
the non-linear regime.
3.3 Turnaround and transition into the non-linear regime
In linear theory the perturbations are coupled to the expanding Hubble background. As
the overdensities grow, they eventually become non-linear self-gravitating bodies and “turn
around”, so they stop expanding with the Hubble flow. The typical density at which per-
turbations turn around may be calculated using the spherical collapse model [55]. The
turnaround overdensity in the spherical collapse model is
δ(zta) =
9pi2
16
, (23)
where zta is the redshift at turnaround. The corresponding dark-electron gas density at
turnaround is then given by
ρeD '
9pi2
16
ρeD0 =
9pi2
16
fρDM0
where f is the dark electron fraction of the dark matter density (c.f. Eq. (3)).
On the other hand, the turnaround redshift roughly corresponds to the time at which the
perturbations become non-linear, δ ' 1. To determine the redshift at which perturbations
become non-linear, we must specify the initial conditions for our dark-electron perturbations.
They are set by the primordial power spectrum〈
δkδ
∗
k
〉 ≡ (2pi)3P (k) δ3(0) , (24)
which we take to be the usual Harrison-Zeldovich initial spectrum normalized to the CMB
perturbations with σ8 = 0.83 [56]. Dark-electron perturbations on scales larger than the
Jeans length grow throughout matter domination, and their power spectrum evolves roughly
as the cold or warm dark matter power spectrum. For concreteness, consider the cold dark
matter power spectrum. The power spectrum in the linear regime during matter domination
as a function of redshift is given by [55, 57]
P (k, z) =
1
(1 + z)2
T (k)2P (k) , (25)
where T (k) is the transfer function, which is given by
T (k) =
log(1 + 2.34q)
2.34q
[
1 + 3.89q + (16.1q)2 + (5.46q)3 + (6.71q)4
]−1/4
(26)
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and q = k/(Ω0h
2Mpc−1). The non-linear regime starts at a redshift zta when the dark-
electron perturbations are roughly equal to one,
k3
2pi2
P (k, zta) = 1 . (27)
The solution of Eq (27) for a perturbation on the scale of the Milky-Way Lagrangian radius,
k = (2pi/4 Mpc) is zta ' 1.5. This is of course nothing else than a rough estimate of the
age of the assembly of our galaxy. The dependence of zta on the size of the perturbation is
only logarithmic, so non-linearities in the dark-electron sector on a wide range of scales arise
approximately at similar redshift.
4 Non-linear collapse of a dark-electron galactic halo
While the analysis of linear perturbations in the dark-electron sector is rather straightfor-
ward, the subsequent non-linear evolution of the overdensities is much more complicated,
and a detailed study of non-linearities requires heavy numerical simulations. Nevertheless, in
this section we show that many of the features of the non-linear evolution of the dark-electron
perturbations may be understood using energy conservation and halo-stability arguments.
For concreteness we focus on the evolution of dark electrons on galactic scales and smaller,
but our analysis can be easily extended to study dark-electron structure on larger scales.
We proceed as follows. In Section 4.1, we discuss generalities on the conditions for halo
collapse, fragmentation, and the complications of the analysis. In Section 4.2, we present a
simple equation that describes the non-linear dark-electron halo evolution. In Section 4.3,
we study the dark-electron halo collapse. In Section 4.4, we calculate the mass of the
smallest fragments within the dark-electron halo, which ultimately lead to the formation of
exotic compact objects. Finally, in Section 4.5, we discuss the effects of including angular
momentum for the dark-electron halo.
4.1 Preliminaries: halo fragmentation from a Jeans analysis
After turnaround, the cold dark matter, baryonic and dark-electron overdensities continue to
collapse. As the density and pressure start to increase, subsequent collapse of a dark-electron
overdensity happens only if the mass of the overdensity M exceeds the Jeans mass
M ≥ mJ , mJ ≡ 4pi
3
(
λJ
2
)3
ρeD =
pi
6
c3s
(
pi
ρG
)3/2
ρeD , (28)
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where ρ is the sum of the cold dark matter, baryonic and dark-electron mass densities,
which determine the gravitational potential, and ρeD is just the dark-electron mass density
within the halo. Importantly, the dark-electron Jeans mass may be much smaller than the
dark-electron halo mass M eDhalo. In this case, as the halo collapses, smaller sub-halos start
to collapse on their own and form substructure. This dynamical process, which is called
fragmentation, is the origin of substructure in galaxies for both baryonic and dark-electron
perturbations [58]. Note that the smallest fragment that can collapse at some point in the
halo evolution has a mass mJ and volume VJ ∼ λ3J .
As the collapse proceeds, the Jeans mass and therefore the size of the smallest fragment
changes, since the Jeans mass depends on the dark-electron density and temperature. De-
pending on how the Jeans mass evolves, this may either trigger or stop fragmentation, and
lead to larger or smaller fragments. The point of halo evolution at which the Jeans mass
reaches its minimal value is called the end of fragmentation, and at that point the halo
may divide into minimal fragments. These minimal fragments in the baryonic sector are the
protostars that are the seeds of our galaxy’s stars. Equivalently, the minimal fragments in
the dark-electron sector give rise to exotic compact objects.
A detailed study of the evolution of the dark-electron halo and of the process of frag-
mentation is very intricate for at least two important reasons. First, it requires studying
not only the dark-electron component, but also the evolution of baryons and the rest of
the dark matter, since the gravitational potential into which dark-electrons collapse and the
Jeans mass in Eq. (28) are determined by the sum of all matter components, or at least by
the dominant one. As discussed in the previous section, during the linear regime all matter
perturbations grow adiabatically with the scale factor, so the matter density in a galactic
protohalo at the onset of the non-linear regime is dominated by the main cold (or warm)
dark-matter component. However, while dark-electron and baryonic overdensities initially
fall into the galactic gravitational potential set by this primary cold dark matter component,
they further collapse into the center of the halo, since their gravitational energy is converted
into thermal energy, and since thermal energy and pressure support can be released through
cooling. Once the dark-electron and baryonic components exceed the cold dark matter den-
sity in the center of the halo, they continue to collapse under their own gravity and cold
dark matter can be neglected [53].
On the other hand, it is likely that the evolution of baryonic and dark-electron over-
densities within the galaxy is correlated. Nevertheless, and for simplicity, in what follows
we assume that neglecting the baryonic gravitational potential does not lead to significant
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differences in our conclusions. However, we note that including the baryonic gravitational
potential can only help with the formation of dark-electron substructure since it lowers the
dark-electron Jeans mass. In addition, in some regions of the galaxy baryons may dominate,
especially near the center of halos and along galactic disks, but dark electrons may dominate
and form substructure away from these regions. In particular, even within a disk galaxy, it
may happen that the dark-electron halo does not form a disk [59, 60], or forms a disk that is
on a different orientation than the baryonic disk [61], or that dark electrons form structure
before falling into a disk.
In summary, neglecting baryons and CDM, the Jeans mass in Eq. (28) simplifies to
mJ =
pi
6
c3s
(
pi
G
)3/2(
1
ρeD
)1/2
, (29)
where the dark-electron speed of sound is given in Eq. (14). This simplification implies that
we can study the late-time evolution of the dark-electron Jeans mass solely by analyzing the
evolution of the dark-electron density and temperatures.
The second complication in the analysis of the evolution of the dark-electron component,
is that the collapse of the dark-electron halo is a highly inhomogeneous process. Even
if the halo starts as a roughly homogeneous gas, accumulation of matter near the center
and fragmentation eventually lead to large inhomogeneities in temperature and density.
We ignore this important complication, and analyze the collapse assuming homogeneity
throughout, at least in parts of the halo. Even if this assumption is extremely simplistic,
in the next section we will see that it allows us to understand in detail the process of dark-
electron halo fragmentation.
4.2 Temperature- and density-evolution equations for the dark-
electron clumps
In this section, we model the evolution of the density, temperature, and size of the smallest
dark-electron fragments as the dark-electron halo collapses. The analysis we present was
first carried out for the baryonic sector in the seminal works [62–64].
The dark-electron Milky-Way halo may be divided into approximately homogeneous and
roughly independent regions, which we refer to as dark-electron clumps, over which the
density and temperature are constant in space (so the Jeans mass in these regions is also
constant). The maximal volume of such regions is denoted by V ≤ VMW, and contains the
mass M ≤ M eDMW. In the initial stages of collapse the whole dark-electron halo is roughly
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homogeneous, and the clump just corresponds to the whole dark-electron halo, V ∼ VMW,
M ∼M eDMW. The mass of the dark-electron halo may be estimated from the mass of the host
galaxy and the dark-electron to dark-matter ratio as
M eDhalo = fMhalo . (30)
As the halo collapses, starts to fragment, and becomes inhomogeneous, the largest clumps
that can be treated as roughly homogeneous are just the smallest fragments of the halo, with
volume ∼ λ3J .
The evolution of the density and temperature within the clump may be obtained using
energy conservation. The thermal energy per unit mass of the homogeneous gas enclosed in
the volume V is
ekin =
3TeD
2meD
. (31)
Collapse of the dark-electron gas leads to an increase of the thermal energy while cooling
releases energy, so the time evolution of the dark-electron temperature (using the first law
of thermodynamics) is described by
dekin
dt
=
3
2meD
dTeD
dt
= −PeD
M
dV
dt
− Λ , (32)
where PeD is the dark-electron pressure Eq. (13), the first term on the right-hand side
accounts for the work done by the collapsing gas and Λ is the cooling rate per unit mass.
The change in the gas volume due to the collapse may be related to the change in the
dark-electron gas mass density
dV
dt
= M
d
dt
(
1
ρeD
)
. (33)
Using Eq. (33) in Eq. (32) we get
3
2meD
dTeD
dt
=
PeD
ρ2eD
dρeD
dt
− Λ . (34)
Eq. (34) describes the evolution of the dark-electron temperature and mass density as the gas
collapses. This expression also allows us to find a simple relation between the temperature
and density as collapse proceeds. The relation is obtained by rewriting Eq. (34) as
d log TeD
d log ρeD
=
2
3
meDPeD
ρeDTeD
− 2 tcollapse
tcooling
, (35)
where we defined collapse and cooling times
tcollapse ≡
(
d log ρeD
dt
)−1
, tcooling ≡ 3TeD
m
1
Λ
. (36)
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To determine the evolution of the gas temperature and density using Eq. (35), we must
specify the typical collapse and cooling times. We start by discussing the collapse time.
For a pressureless spherical gas clump, the collapse time is simply the time that it takes
the gas to free-fall into the center of the perturbation. The free-fall time is [65]
tff ≡
(
1
16piGρeD
)1/2
. (37)
Anytime the mass of the clump exceeds the Jeans mass, gravity overcomes pressure, so we
simply neglect the small pressure resistance and replace the collapse time by the free-fall
time. Since including the effects of pressure can only slow down collapse, the free-fall time
also gives an absolute lower limit on the typical collapse time.
In an initial stage of collapse, the gas has a low density and temperature so it mostly
free-falls. However, as it collapses the kinetic pressure rises and the dark-electron clumps
are eventually stabilized once the Jeans mass becomes similar to the clump’s mass. At this
stage, collapse close to the clump’s virialized state may still proceed, since kinetic energy can
be slowly released due to cooling. It is then clear that close to virialization, the collapse time
is of the order of the cooling time. It is quite simple to confirm this expectation as follows.
Since the clump stays nearly virialized, the collapse time must accommodate so that the
contour specified by Eq. (35) matches the contour defined by the virial condition M = mJ .
Pressure can be released via cooling if the main source of pressure is just kinetic, in which
case the speed of sound entering into the Jeans mass expression Eq. (29) is cs =
√
TeD/meD .
It is then clear that the contour of constant Jeans mass mJ = M leads to
d log TeD
d log ρeD
=
1
3
, (38)
in agreement with [63]. By comparing Eq. (38) with Eq. (35) and setting the pressure to be
the ideal gas pressure, we conclude that for nearly virialized collapse of an ideal dark-electron
gas, the collapse time is equal to 1/6 tcooling. Note that if the cooling time is shorter than
the free-fall time, the collapse time must of course again be replaced by the free-fall time.
Summarizing, the collapse timescale of our homogeneous dark-electron gas is
tcollapse ≡
(
d log ρeD
dt
)−1
=
tff ≡
(
1
16piGρeD
)1/2
M > mJ Adiabatic free-fall
1
6
tcooling M = mJ and tcooling > tff Nearly virialized contraction
(39)
23
eD
γD
eD
γD
eD
eD
eD
eD
γD
Figure 3: Dark electron may cool only via scattering on dark CMB photons (Compton)
or Bremsstrahlung. Compton energy transfer is inefficient at low redshift. Bremsstrahlung
cooling is efficient at high dark-electron densities.
We now turn to discussing the cooling time. In our dark-electron model, cooling proceeds
via Bremsstrahlung and Compton scattering off the background dark photons, as shown in
Fig. 3. Energy transfer to or from dark photons due to Compton scattering is efficient at
large redshift where the number density of background dark photons is large, but it is highly
inefficient in the low redshift regime relevant for non-linear collapse, and so we neglect it. On
the other hand, Bremsstrahlung cooling is efficient at the large dark-electron densities typical
of the non-linear regime. The Bremsstrahlung energy emission rate per unit dark-electron
mass is [66] 6
ΛBS =
32α3DρeDTeD√
pim4eD
√
TeD
meD
e−mγD/TeD . (40)
Energetic dark photons may also be reabsorbed in the dark-electron gas via inverse Brems-
strahlung, as shown in Fig. 4. If the dark-photon absorption mean free path7 is larger than
the size of the dark-electron region under consideration `absγD  V 1/3, the gas is optically
thin and dark photons may efficiently evacuate energy from the bulk of the gas volume. In
the opposite case `absγD  V 1/3 the dark-electron clump is optically thick, and it may only
cool from its surface, so the cooling rate is suppressed. The absorption mean free path for
relativistic dark photons in a non-relativistic dark-electron gas is calculated in Appendix B.
It is given by
`absγD = 8.3× 10−3
(m9eDT
5
eD
)1/2
ρ2eDα
3
D
. (41)
6We add an exponential factor e−mγD/TeD with respect to reference [66] to account for suppression of
the Bremsstrahlung rate for mγD ≥ TeD . Note that since the dipole moment of two electrons vanishes,
Bremsstrahlung emission is mostly quadrupole.
7Not to be confused with the dark-photon elastic scattering mean free path, given by Eq. (10).
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Figure 4: Inverse Bremsstrahlung dark-photon absorption.
To account for photon reabsorption, we simply suppress the Bremsstrahlung bulk cooling
rate by an exponential factor if the material is optically thick. The dark-electron gas cooling
rate per unit mass is then given by
Λ = (ΛCompton + ΛBS) e
−V 1/3√Nsc/`absγD , (42)
(ΛCompton  ΛBS) where the factor
√
Nsc ≥ 1 in the optical-thickness exponential factor
corresponds to the square-root of the number of dark-photon rescatterings, and is introduced
to account for the effective dark-photon displacement needed to escape the gas cloud as it
undergoes a random walk due to elastic Compton scattering. The number of scatterings is
given by the squared ratio of the clump size to the Compton mean-free path [67]
Nsc =
(
V 1/3
`CγD
)2
, (43)
where the Compton mean free-path is given by Eq. (10).
Finally, note that up to now we have not taken into account the effects from radiation
pressure that arise whenever Nsc ≥ 1, i.e., if the Compton mean free path is smaller than
the size of the clump, `CγD ≤ V 1/3. Radiation pressure is in principle important whenever the
Bremsstrahlung luminosity exceeds the Eddington luminosity,
ΛBS ≥ Ledd
M
=
4piGmeD
σC
. (44)
If the clump luminosity is above the Eddington limit, the dark-electron gas cloud may be
stabilized by radiation pressure. However, radiation pressure may also be inefficient in stabi-
lizing the clump, depending on how “porous” is the gas [53, 68, 69]. In spatially inhomoge-
neous media, radiation selects regions of low density (“pores”) to escape the cloud, without
exerting homogeneous pressure on the whole clump. To account for these uncertainties we
present two extremal cases: for the remainder of the body of this paper we study the halo
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evolution without the inclusion of radiation pressure, while in Appendix C we assume that
radiation pressure may stabilize the dark-electron clumps and present the corresponding re-
sults. In the end, we find that the typical size and mass of the exotic compact objects formed
from fragmentation of the dark-electron halo are similar either with or without the inclusion
of radiation pressure.
4.3 Stages of halo collapse and the end of fragmentation
We can now determine the trajectory of the temperature and number density neD ≡ ρeD/meD
of the dark-electron clumps as they collapse by using expressions Eqs. (35), (36), (39),
and (42), fixing the initial condition for the dark-electron gas density at turnaround by
Eq. (24), and choosing a dark-electron halo temperature. The temperature-density trajectory
for a choice of model parameters meD = 1 GeV,mγD = 100 eV, αD = 1/10 is presented in
Fig. 5 (black solid line). In the figure, we concentrate on a dark-electron clump embedded in
the Milky-Way, which we take to have a total mass MMW = 10
12M. We also set the dark-
electron to dark-matter fraction to f = 1%, so the corresponding mass of the dark-electron
Milky-Way halo is M eDMW = 10
10M (c.f. Eq. (30)). On the other hand, and as we will see
shortly, the precise initial conditions for the temperature and even for the density are not
important for our results. For concreteness, for the collapse trajectory in the black solid
line in Fig. 5 we just take the dark-electron halo temperature to be a typical “cosmological
temperature” TeD = 5× 10−3 TSM.
From the figure, we clearly see that the collapse of the dark-electron clumps proceeds in
three stages. Chronologically, the three stages are:
1. Adiabatic free-fall: After Hubble decoupling (at a density given by Eq. (24)), the
dark-electron overdensities free-fall into the gravitational potential set mostly by the
main cold-dark matter component at the free-fall time Eq. (37). CDM particles pass
through the center of the halo without interacting and eventually settle into an NFW-
like halo. Dark electrons, on the other hand, are collisional particles on galactic scales
(if the dark-photon mass is below the threshold value Eq. (17)) so after a period of free
fall they accumulate towards the center of the perturbation, since they transform part
of their gravitational energy into thermal energy. Near the center of the perturbation
where they become dense, they also become the dominant source of gravitational po-
tential (where other dense baryonic clumps may be neglected). For our analysis it is
not particularly important which one is the dominant source of gravitational potential
in this initial stage of collapse. The reason is that in this stage, and as long as the
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Figure 5: Solid black: Temperature-density trajectory of a region of dark-electron gas
as it collapses embedded in the dark-electron Milky-Way halo with mass M eDMW = 10
10M
(corresponding to dark-electron fraction f = 1%, c.f. Eq. (30)), for meD = 1 GeV,mγD =
100 eV, αD = 10
−1. The initial condition for the temperature of the collapse trajectory close
to the turnaround density Eq. (24) has been set to TeD = 5 × 10−3 TSM. The short-dashed
black line near the red star represents the nearly-virial trajectory of the smallest fragments af-
ter the point of last fragmentation, due to surface cooling. Dashed and dotted gray: Same
as above, but for different choices for initial conditions TeD = 5×10−4 TSM (dotted gray), and
TeD = 0.5 TSM (dashed gray). In the former case, the temperature-density trajectory merges
with the solid black contour at high densities, so the dependence on the initial conditions is
washed out in the later stages of halo evolution. Solid thin gray: Contours of Jeans mass
in units of solar masses. The contours have a slope d log neD/d log TeD = 3 at low densities
where kinetic pressure dominates, but become temperature independent at high densities
where the dark-photon repulsive force is the main source of pressure. Green: Contour of
dark-electron free-fall time being equal to the Bremsstrahlung cooling time (“cooling equals
heating”). Blue: Region of cooling time being longer than the Universe’s age (inefficient
cooling). Red: Region where Jeans-sized fragments are optically thick. We set the opti-
cally thick boundary at the point of inverse Bremsstrahlung reabsorption, `absγD =
√
Nsc λJ/2,
where Nsc accounts for Compton rescatterings.
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halo free-falls, in Eq. (35) tcollapse  tcooling so the slope of the collapse trajectory is just
d log TeD/d log neD ' 2/3.8 Now, the regions where the cooling time is longer than the
age of the Universe (inefficient cooling) are shown in blue. Initially, we see that collapse
proceeds adiabatically, since the halo temperature is lower than the dark-photon mass,
so Bremsstrahlung cooling is strongly suppressed. Cooling starts becoming efficient
when the dark electrons become sufficiently hot and dense. On the other hand, as the
gas collapses the kinetic pressure increases, so we see that the temperature-density tra-
jectory moves into regions of higher Jeans masses, shown in Fig. 5 in solid gray contours
in units of solar masses. It is likely that this stage is then accompanied by mergers of
clumps into a unique, larger and roughly homogeneous galactic halo.
2. Nearly virialized contraction: The increase in temperature in the dark-electron halo
leads eventually to halo virialization by kinetic pressure. This represents a transition
from the free-fall regime into the nearly-virialized-contraction regime, c.f. Eq. (39). To
match these two transitions, we simply intersect the free-fall trejectory with the virial
line set by M eDMW = mJ . At this stage, a roughly homogeneous dark-electron galactic
halo continues to collapse in a quasi-static configuration close to the virialized state,
at a timescale set by the cooling rate. The halo will efficiently collapse if the cooling
time is shorter than the age of the Universe. As pointed out above, Bremsstrahlung
cooling is efficient at high densities and temperatures, so for collapse to continue at
this stage, the halo must be hot and compact at virialization. In particular, the dark-
electron gas must achieve a temperature larger than the dark-photon mass to trigger
Bremsstrahlung. To assess if high-enough temperatures and densities are achieved to
trigger Bremsstrahlung, we must first investigate the process of halo virialization in
more detail.
• Details of halo virialization: While up to now our simplified analysis captures the
overall features of halo collapse, including a period of free fall followed by quasi-static
virialized contraction due to cooling, it does not capture an important element, which
is the presence of shocks [63]. In a realistic analysis, collisional particles have indeed
a period of adiabatic contraction, but that ends abruptly before the gas contracts
significantly, by the creation of a shock that expands from the center of the perturba-
tion. Inside the shock the gas settles into a virialized state (approximately isothermal
and with radial density profile ∼ r−2 [70]), while outside the shock the gas free falls
into the shock boundary, so the adiabatic free fall and nearly-virialized-contraction
8This corresponds simply to the adiabatic condition for a monoatomic ideal gas.
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stages of collapse actually coexist. Importantly, in the process of the shock the de-
pendence of the initial “cosmological” temperature of the dark electrons is lost, and
dark electrons inside the shock are simply heated up to their virial temperature [70].
Despite its simplicity, our elementary analysis is in fact able to partially capture
the washout of the initial “cosmological” temperature at virialization. This is illus-
trated by the dotted-gray trejectory that shows an alternative (colder) choice of the
dark-electron halo initial temperature, TeD = 5×10−4 TSM. While the corresponding
collapse trajectory differs at the initial stage of collapse with our original trajectory
(in solid black), both trajectories later merge into a unique asymptotic collapse tra-
jectory after virialization. On the other hand, a limitation of our analysis can be
discovered by considering instead a “hot” initial condition TeD = 0.5 TSM (dashed
gray). In this case, it would seem that the dark-electron halo virializes quickly at
small densities, where cooling is inefficient, so the halo ends up in the hypothetical
final state shown by the black circle. This is unphysical: as stated above the final
result in a realistic analysis may not depend on the initial “cosmological” tempera-
ture. In a more realistic analysis accounting for shock heating, and as long as the
dark-electron temperature reaches the dark-photon mass, cooling will proceed (at
least near the center of the perturbation that is dense, where Bremsstrahlung is most
efficient). In this case, Bremsstrahlung cooling is triggered and the stage of nearly
virialized contraction is ensured to happen. If, on the other hand, the temperature
of the dark-electron halo does not reach the dark-photon mass after shock heating,
the dark-electron halo reaches its final state as a virialized and roughly isothermal
sphere with the typical ∼ 1/r2 profile [70].9 The important question is then if the
halo ever reached temperatures above the dark-photon mass. Assuming spherical
symmetry and in the absence of angular momentum, the after-shock temperature
has been calculated in [70] (or may be read off more directly from [74–77]), and it is
given by
T eDshock ' 3× 10−3(1 + zta)
[
meD
1 MeV
][
M eDhalo
1010M
]2/3
eV , (45)
where zta is the halo-turnaround redshift, which for the Milky Way is zta ' 1.5 (see
Section 3.3). This temperature has only a mild radial dependence ∼ r−1/4 [70]. In
9This picture may be affected by the gravothermal evolution of the halo [71]. The authors in [72, 73] find
that under certain assumptions for the initial distribution, a subdominant component of dark matter with
elastic self interactions undergoes gravothermal collapse. Studying this in detail is beyond the scope of this
paper.
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our final results in Section 4.4, we will indicate the regions of parameter space in
which T eDshock ≥ mγD , i.e., when the shock temperature is high enough to trigger
Bremsstrahlung. In this case collapse via cooling in the nearly virialized stage is
ensured. Note however, that it is possible that the after-shock temperature may
still increase due to other mechanisms, such as halo mergers [78], or gravothermal
collapse of the inner core [72, 73], leading to further collapse even if shocks cannot
trigger Bremsstrahlung. In any case, as long as Bremstrahlung was triggered, we
may proceed to the last stage of collapse, which is the period of fragmentation.
3. Fragmentation: Quasi-static collapse near the virialized state leads to an increase in
dark-electron density, and it also leads to an increase in the Bremsstrahlung cooling
rate. At large enough densities, the cooling time becomes comparable to the free-fall
time. In Fig. 5, we show in green the contour of cooling time being equal to the free-fall
time, tcooling = tff, which represents a trajectory of “cooling equals heating”. At this
stage, the gas collapses at the free-fall time and the collapse contour follows closely the
“cooling equals heating” line. This result is quite intuitive: since cooling is extremely
efficient in this latter stage of collapse, as soon as the halo collapses and converts
gravitational energy to thermal energy, this energy is released via Bremsstrahlung.
Importantly, the halo ends up following the “cooling equals heating” line regardless of
the details of all the previous stages of collapse, so as long as fragmentation started,
we do not have to worry anymore about shocks, mergers, or any other complicated
processes. The “cooling equals heating” trajectory leads to a decrease in the Jeans
mass, so the dark-electron halo, which was roughly homogeneous at virialization, starts
dividing into smaller clumps or fragments 10. The trajectory follows the “cooling equals
heating” contour up to the point of last fragmentation, shown with a red star.
Fragmentation stops for one of two possible reasons. The first possibility, is that as
the density becomes too large and the temperature decreases too much, cooling becomes
inefficient. The reason is that at high densities the dark-electron gas becomes either optically
thick (as happened to be the case in Fig. 5) or the temperature falls below the dark-photon
mass so that Bremsstrahlung is exponentially suppressed. For the selected model parameters
in Fig. 5, the point of last fragmentation (red star) corresponds to a fragment with a mass
of order ∼ 50M. This minimal fragment is the analogue of a conventional protostar in the
baryonic sector. Note that these minimal fragments are not stable, since even if they are
10In astronomy literature the condition tcooling ≤ tff is called the Rees-Ostriker-Silk criterion for halo
fragmentation [77].
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Figure 6: Same as Fig. 5 but with a smaller choice of dark-photon mass, mγD = 0.1 eV and
larger dark-electron mass, meD = 10 GeV.
optically thick, they may further collapse by cooling from the surface. We come back to this
issue in the next section.
The second possibility for the end of fragmentation is shown in Fig. 6, where we choose a
smaller dark-photon mass and larger dark-electron mass with respect to the choice in Fig. 5,
meD = 10 GeV, mγD = 0.1 eV. In this case, at high densities and due to the smaller dark-
photon mass, the pressure in Eq. (13) is dominated by the dark-photon repulsive force. As
a result, the Jeans mass becomes independent of the dark-electron temperature and simply
increases monotonically with density, so cooling does not lead to a decrease of the Jeans
mass and further fragmentation. In this scenario, the minimal fragments reach their final
state right at the end of fragmentation, being stabilized by the dark-photon repulsive force.
For the choice of model parameters leading to the collapse trajectory in Fig. 6, the minimal
fragments have a typical mass of ∼ 106 solar masses.
We acknowledge that our study of the non-linear evolution of the dark-electron halos has
important limitations. For instance, it does not describe in detail the process leading to halo
virialization, mergers and halo shape. All these elements cannot be analyzed in detail without
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a numerical simulation. However, we stress that the typical size of the minimal fragment is
rather independent of the fine details of the non-linear dark-electron halo evolution (which
could only be captured by a full numerical simulation). The reason is that the size of the
minimal fragment is set by the temperature-density trajectories, and these trajectories have
the same asymptotic form: they converge to the “cooling equals heating” trajectory. The
“cooling equals heating” trajectory depends uniquely on the particle model parameters, i.e.,
on the dark-electron and dark-photon masses and the dark fine-structure constant. So as
long as the conditions leading to the beginning of fragmentation studied throughout this
work are satisfied, dark-electron halos with different assembly and collapse histories lead to
the same minimal fragments. This allows us to give robust predictions for the typical size
of the astronomical objects formed by fragmentation in the dark-electron sector. Note that
this also means that the typical size of the dark-electron smallest fragments is universal, i.e.
it should be roughly the same in other galaxies that are more or less massive than the Milky
Way. 11 We dedicate the next section to providing a detailed study of the size of the smallest
dark-electron fragments.
4.4 Mass and compactness of the exotic compact objects
We now obtain the mass and compactness of the minimal fragments as a function of the dark-
electron model parameters, by obtaining the temperature-density trajectories for the dark-
electron gas and the last point of fragmentation (as in Figs.5 and 6) for different dark-electron
and dark-photon masses and different choices of the dark-sector fine-structure constant. The
results are presented in Fig. 7 for fine-structure constant αD = 10
−1 (top), αD = 10−2
(middle) and αD = 10
−3 (bottom). In the figure, black contours indicate the mass of the
fragments in solar masses and blue contours, their compactness. Note that we concentrate
on a range of dark-electron masses meD ≥ 1 MeV consistent with growth of perturbations
during the linear regime, as discussed in Section 3.2. We indicate in shaded red regions
where dark electrons are collisionless at turnaround (c.f. Eq. (17)). In these regions we do
not expect the dark electron to become hot, compact, or fragment, and we expect instead
that it resembles a cold dark matter halo. In addition, we show with a red-dashed line
the maximal dark-photon mass for which Bremsstrahlung cooling can be triggered by shock
heating. We obtain this mass from the condition T eDshock ≥ mγD and using Eq. (45) with
M eDhalo = 10
11M, which is typically the maximal dark-electron halo mass consistent with
11This is also true for the baryonic-sector fragments. The typical mass of baryonic stars is roughly inde-
pendent of the mass of the host galaxy.
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f ≤ 10% (c.f. Eq. (30)). Since Bremsstrahlung cooling is needed for fragmentation to start,
in the absence of additional halo heating it is likely that the halo efficiently fragmented only in
regions of parameter space below the red-dashed line. However, to account for the possibility
that the halo may have been heated above its shock temperature by some other dynamical
process such as gravothermal collapse, we also present the size of the minimal fragments in
the regions of parameter space above the red-dashed line. Bearing this important observation
in mind, we now proceed to discuss the properties of the minimal fragments across all the
parameter space presented in Fig. 7.
We start by discussing the minimal fragment’s mass. First, we point out that the masses
of the minimal fragments in Fig. 7 are a lower limit on the mass of exotic compact objects in
the dark sector, since such compact objects may still grow due to accretion and mergers after
the point of last fragmentation. However, in the baryonic sector the mass of the minimal
fragments gives a good order of magnitude estimate of the typical mass of stars [62], so we
also expect the results in Fig. 7 to be a faithful representation of the mass of exotic compact
objects in our dark sector. By comparing the top, middle, and bottom panels in Fig. 7,
we see that generically fragmentation is most efficient (less massive fragments are formed)
for larger values of the fine-structure constant, since this leads to efficient cooling. We also
see that fragmentation is efficient when both the dark-photon and dark-electron masses are
large, i.e., in the upper-right quadrant of all the plots in Fig. 7. The reason is that large
dark-photon masses lead to a suppression of the dark-photon repulsive force and a reduction
of the Jeans mass. On the other hand, large dark-electron masses lead to an increase of
the dark-photon absorption mean free path Eq. (41), so the material remains optically thin
favoring cooling and fragmentation. In particular, for mγD & 1 keV and meD & 1 GeV, the
halo fragments into solar-mass sized dark “asymmetric stars.”
With the dark-electron mass held fixed, a too-large dark-photon mass generically leads to
the formation of more-massive compact objects, since it leads to an exponential suppression
of the Bremsstrahlung cooling rate. For a fixed dark-photon mass, a too-large dark-electron
mass also disfavors fragmentation, since it suppresses the cooling rate, so it postpones frag-
mentation to large densities where the Jeans mass can be enhanced by the dark-photon
repulsive force. In fact, if the dark-electron mass is too large, efficient fragmentation is
postponed to extremely large dark-halo densities. At some point, the densities required for
fragmentation are so large that the whole dark-electron halo runs away into a black hole
before fragmentation starts. In Fig. 7, we indicate the halo runaway regions in gray, for two
different choices of dark-electron halo mass.
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Figure 7: Black contours: Mass
of the dark-electron exotic compact ob-
jects formed via fragmentation of a dark-
electron halo, in units of solar mass, as
a function of the dark-electron and dark-
photon masses. The dark fine-structure
constant has been set to αD = 10
−1 (top),
αD = 10
−2 (middle) and αD = 10−3 (bot-
tom). Blue contours: Compactness of
the above objects. Shaded blue: Re-
gions where the dark-electron exotic com-
pact objects are black holes (compact-
ness CBH = 1/2). Shaded gray and
red: Regions where no fragmentation oc-
curs. In gray, no fragmentation occurs
since the whole dark-electron halo runs
away into a black hole before it can frag-
ment. We plot these gray regions for
two choices of dark-electron halo mass.
In red, we show the regions where dark
electrons are collisionless (i.e., kinetically
decoupled (KD)) during linear growth of
perturbations (c.f. Eq. (17)), so instead
of forming a compact dark-electron halo
that fragments, dark electrons settle in
an NFW-like halo typical of CDM. We
show these regions for two choices of the
dark-electron to dark-matter ratio. In
dashed-red, we show the maximal dark-
photon mass for which Bremsstrahlung
cooling can be triggered by shocks within
the dark-electron halo, assuming f = 10%
and Mhalo = 10
12M (see text for de-
tails).
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Our results are not reliable close to the black-hole runaway regions, since it is possible
that once angular momentum is included, the dark-electron halo will be stabilized before
reaching the high densities required for fragmentation. Nevertheless, an interesting situation
arises if the dark-electron halo has no angular momentum and indeed runs away into a
black hole without fragmenting. In this case, the mass of such black hole is fixed by the
dark-electron to dark-matter ratio f to be the corresponding fraction of the host galaxy’s
mass, MBH = fMgalaxy. If f ∼ 10−6, this scenario could account for the super-massive black
hole in the center of the Milky Way (although other known mechanisms exist to explain its
formation [53]). Moreover, a prediction of this scenario is that more massive galaxies would
contain more massive black holes at their center, the relation between their masses being
close to linear, consistent with current observations [79]. In addition, this scenario could
explain the existence of supermassive black holes at high redshift [80–82]. We postpone a
more detailed discussion to the problem of angular momentum to Section 4.5.
Fragmentation tends to be inefficient for small dark-electron and dark-photon masses,
i.e., in the lower-left quadrant of all the plots in Fig. 7. In these regions of parameter space,
the small dark-photon mass leads to a large enhancement of the dark-photon repulsive force,
while the small dark-electron mass overly enhances the dark-photon inverse bremsstrahlung
reabsorption rate, so the halo does not efficiently cool. For dark-photon masses below roughly
10−3 eV and dark-electron masses below roughly 1 MeV the halo does not fragment, and the
end-result is a large and virialized dark-electron halo devoid of substructure and without
exotic compact objects.
The second important property of an exotic compact object is its compactness, which is
an indicator of its density, and is defined as
C ≡ MG
R
, (46)
where M is the mass of the fragment and R is its radius. CBH = 1/2 for a non-rotating
black hole, 0.13 ≤ CNS ≤ 0.23 for a neutron star [83], and C ' 10−6 for the Sun. The
density of the minimal fragments may be obtained straightforwardly by finding the last point
of fragmentation as in Fig. 5 and 6. However, as discussed in the previous section, this is
not the density of the final exotic compact object. Once fragmentation stops, the smallest
fragments may still collapse by cooling from the surface, until they become supported by the
dark-photon repulsive force, by dark-electron degeneracy, or until they runaway into a black
hole, at which point they achieve their maximal compactness (at a temperature TeD ' mγD ,
since below this temperature Bremsstrahlung shuts off). Surface cooling is efficient if the
corresponding cooling time is shorter than the age of the Universe. To estimate if fragments
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had enough time to cool into their final equilibrium state, we compute the surface cooling
time using the black-body cooling rate, and compare it with the age of the Universe. We
find that in all the parameter space in Fig. 7, fragments had enough time to reach their
final equilibrium state, i.e., their maximal compactness. Finally, to estimate the fragment’s
maximal compactness we neglect degeneracy pressure, and calculate the object’s radius when
stabilized by the dark-photon repulsive force. We leave the details of the derivation to
Appendix D. The dark-electron fragments maximal compactness is
C =
meDmγDM
pi
(
G3
αD
)1/2
, (47)
where M is the mass of the fragment. While expression Eq. (47) is only an estimate of the
object’s exact compactness, we have checked that it gives a good approximation by comparing
with the exact results in [35, 84], except for values close to the black-hole compactness,
CBH = 1/2.
From Fig. 7, we conclude that collapse and fragmentation of the dark-electron halo leads
to highly compact objects, typically more compact than the Sun. These objects range in
mass from a few to millions of solar masses. As an example of the former situation, consider
the case αD = 10
−1, mγD = 0.04 eV, meD = 1 GeV. In this scenario, the typical mass
of the smallest fragment is ∼ 106M, and its maximal compactness is roughly an order
of magnitude larger than the Sun’s compactness, C ' 10−5. As an example of the latter
scenario, take αD = 10
−1, mγD = 100 eV, meD = 10 GeV . In this case, the fragments have
a mass of ∼ 1M and a compactness close to that of the Sun, C ' 10−6 In addition, in the
whole blue shaded region the fragments are expected to be black holes.
Finally, the remaining crucial property of the exotic compact objects is their abundance.
Differently from the mass and compactness of the fragments, their abundance does depend
on the dark-electron halo mass, or equivalently through Eq. (30) on the dark-electron to
dark-matter ratio f . Assuming that the whole dark-electron halo goes into the minimal
fragments, one may obtain an upper limit for the number of fragments in the Milky Way
halo given by [85]
Nmax =
M eDMW
M
= f
MMW
M
, (48)
where M is the mass of the fragment and in the second equality we made use of Eq. (30) to
relate the dark-electron halo mass with the Milky Way mass MMW = 10
12M and f . For
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instance, taking f = 1 % and αD = 10
−1, mγD = 100 eV, meD = 10 GeV, we find that the
Milky Way would contain roughly 1010 asymmetric dark matter stars with a mass M ∼ M
that are roughly as compact as the sun C ' 10−6. This is roughly one solar-mass sized
asymmetric dark-matter star per ten baryonic stars.
4.5 A dark-electron halo with angular momentum
In the previous discussion we have neglected the angular momentum of the dark-electron
halo. The angular momentum of the galaxy may arise from tidal torques during linear
evolution [86, 87] or from mergers with other halos [88]. In all cases, since dark-matter,
baryons, and dark electrons in the very early stages of formation of a galactic halo behave in
essentially the same way, it is likely that the specific angular momentum of all components
is similar [89].
If the dark-electron halo rotates, collapse in directions perpendicular to the rotation axis
is resisted by centrifugal forces, but dark electrons may still collapse towards the rotation
plane. During the initial stage of the dark-electron halo collapse, a cold dark-electron halo
free-falls and may not loose energy via Bremsstrahlung, since it is too cold to emit the massive
dark photons. As a consequence, the problem of dark-electron halo collapse in the presence
of angular momentum is not the same as the problem of baryonic disk formation, which
is accompanied by energy loss due to cooling. Instead, the collapse of the rotating dark-
electron halo closely resembles the problem of adiabatic collapse of an homogeneous rotating
gas sphere. This problem has been studied both analytically [90] and numerically [91, 92].
The final result is that the rotating gas sphere collapses into a disk-like shape. Also, a
disk may be formed by accretion of dark electrons into the baryonic potential [93–95]. In
the presence of mergers, though, the disk may be disrupted [60, 78], and the final halo
distribution may be spheroidal.
In any case, whether the final shape of the dark-electron halo is a rotating sphere or a
rotating disk, as discussed in the previous sections, the properties of the minimal fragments
depend only on microscopic parameters, as long as fragmentation happened within the halo.
As a consequence, the inclusion of halo angular momentum may change the overall distribu-
tion of the dark-electron gas in the galaxy, but does not change the typical size of the exotic
compact objects.
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5 Observational signatures
In this section, we briefly comment on the experimental opportunities to discover the dark-
electron sector. A detailed analysis of the dark-electron signatures will be presented in future
work.
Even if dark electrons are a subdominant component of the dark matter and do not nec-
essarily interact with the Standard Model, dark-electron exotic compact objects generically
lead to interesting gravitational signals, similar to the ones of massive compact halo objects
(MACHOs). Due to the high compactness of the dark-electron fragments (see Fig. 7) for all
dynamical and lensing constraints, they are point-like objects. For fragment masses. 10M,
the amount of dark-electron fragments between Earth and the Large Magellanic Clouds can
be efficiently constrained by microlensing [96, 97] to be roughly at the percent level of the
total dark-matter content. Fragment masses 10M .M . 105M, may be constrained by
the disruption of the Eridanus II star cluster [98]. Fragment masses 105M .M . 1010M
are strongly constrained from the amount of dark mass in the galactic center, where they fall
in by friction [99]. In this range, constraints on the dark-electron fraction are as strong as
one part in 104. All these constraints depend on the distribution of dark-electron fragments
within the galaxy, and they may easily vary by a factor of a few under different assumptions
for the halo shape (for an example see [100]). Other interesting proposals exist to detect
compact objects using astrometric weak lensing with Gaia data [3, 101–103]. Also, a dark-
disk may be constrained using stellar kinematics [104, 105]. In addition, since it is likely that
dark-electron gas accretes into deep baryonic gravitational potentials, accumulation of dark
electrons in the Sun may be constrained by helioseismology [14, 106]. Finally, high-resolution
probes of the CMB may also provide insight into dark matter on small scales [107].
Another interesting direction is to look for exotic compact object binaries via their
gravitational-wave emission signatures [108–112]. Note that in our analysis, the typical sep-
aration of dark-electron fragment binaries may be simply estimated from the Jeans length
at the point of last fragmentation. In our model we find some regions of parameter space
with fragments in the ∼ 1− 102M mass range as compact as a black hole, which could be
detected at LIGO. There are also more significant regions of parameter space where more
massive black holes and solar-mass sized asymmetric dark matter stars as compact as white-
dwarfs are formed. Such objects can be easily detected at LISA [113, 114]. We point out,
however, that most of the regions of parameter space leading to solar-mass sized compact
objects are above the red-dashed lines in Fig. 7. This means that in order for such objects
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to be formed by fragmentation of the dark-electron halo, an additional heating mechanism
of the halo beyond shocks is likely needed.
An interesting interplay between the experiments above, which rely purely on gravita-
tional interactions, and dark-matter direct or indirect detection experiments arises if we allow
for dark-photon mixing with the Standard Model photons. First, efficient fragmentation of
the dark-electron halo gives a target for the dark-photon masses to be explored, roughly
given by 10−3 keV ≤ mγD ≤ 100 keV. Currently, in the presence of mixing with the Stan-
dard Model photons, this range of dark-photon masses is strongly constrained by limits from
helioscopes and star cooling [115, 116]. Due to the strong constraints on dark-photon mixing
with Standard Model photons, we do not expect our dark-electron compact objects to be
bright, but this is a direction that is still worth investigating. Finally, since the properties of
the dark-electron fragments can be straightforwardly traced back to the underlying particle-
model parameters using the results in Fig. 7, an observation of a dark-sector compact object
would immediately give a target for dark-matter direct- or indirect-detection experiments.
6 Conclusions
In this work, we present the complete history of structure formation in a dissipative dark-
sector model. To the best of our knowledge, this is the first comprehensive analysis of the
formation of galactic substructure and exotic compact objects in a dissipative dark-sector.
In our dissipative dark-sector, we show that small primordial density perturbations grow
linearly after matter-radiation equality, decouple from the Hubble flow, and become dense
halos. These halos fragment due to cooling and lead to the formation of exotic compact
objects.
In the literature, the study of dark-sector compact objects has been mostly dedicated
to proposing new types of compact objects, without specifying how they formed. Here we
point out that without a full study of structure formation in the underlying dark-sector
models, it is not possible to assess the viability of such proposals. In our dark-sector model
example, we find that exotic compact objects only form in specific regions of model parameter
space and can only have a range of specific masses. We expect these conclusions to hold for
other dissipative dark-sector models, since the regions where compact objects may be formed
are selected by generic microscopic and thermodynamic properties of the model, such as the
cooling rate, optical thickness, and pressure. This has important consequences for the theory
efforts aiming to study exotic compact objects or galactic substructure departing from the
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CDM paradigm.
Our work opens up several avenues for further exploration. First, while here we concen-
trated on one simplified dark-sector model, most of the techniques that we used can now be
applied to other dissipative dark-matter models, such as atomic dark matter. The key obser-
vation is that once linear growth of perturbations and the beginning of halo fragmentation is
ensured, the typical size of the halo fragments can be obtained by calculating asymptotic halo
collapse trajectories. These trajectories are determined by microscopic dark-sector physics,
more specifically, by the dark-sector cooling rate and the gas opacity or pressure. Any dark
matter model with a light mediator and strong interactions may lead to the formation of in-
teresting galactic substructure and compact objects via halo fragmentation, but the regions
of parameter space where this occurs are yet to be explored for different models.
Second, our dark-sector model provides strong motivation for a series of observational ef-
forts. Dark-sector compact objects may be discovered at high precision observatories looking
for massive compact halo objects via lensing or gravitational wave detection. A particularly
interesting direction is to study the interplay between baryonic and dark-sector galactic
substructure. Since baryonic and dark matter overdensities fall into the same gravitational
potentials, we expect that regions where baryons accumulate will also have a sizable content
of dissipative dark matter. This motivates searching for the gravitational imprints of the
dark sector within regions of high baryonic content, such as the Sun.
Finally, we point out that extensive numerical simulations of structure formation in dis-
sipative dark-sector models are needed. Numerical simulations would confirm the existence
of compact objects in our dark sector or other dissipative dark-sector models, may identify
interesting features that our simplified analysis cannot capture, such as the distribution of
exotic compact objects within the galaxy, and would provide further motivation for experi-
mental efforts aimed at uncovering the behavior of dark matter on small scales.
As the search for dark matter continues without any evidence of non-gravitational inter-
actions of the dark and visible sectors, theoretical and experimental efforts towards under-
standing the particle nature of dark matter purely based on cosmological and astronomical
observations will become increasingly important. Such efforts are complementary to the
direct and indirect-detection programs, and the interplay between both research directions
may finally uncover the composition of the dark sector.
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A Dark photon dark matter
In this appendix we show the regions of dark-photon mass and temperature consistent with
limits from warm dark matter and the number of effective relativistic degrees of freedom
Neff, if dark photons are the main constituent of the dark matter. The results are presented
in Fig. 8, as a function of the dark-photon mass and temperature at nucleosynthesis. In
the figure, the blue region is excluded by ∆Neff, Eq. (9). The red region is excluded if
dark photons are 100% of the dark matter by the “warm dark matter” limit. We crudely
estimate the warm dark matter limit by requiring the dark photon free streaming length
to be below 200 kpc for consistency with structure on those scales [47]. In the gray region
the dark-photon thermal relic density Eq. (6) is larger than the dark-matter density so the
Universe overcloses. Along the gray line, a dark photon is 100% of dark matter if the relic
density is given by Eq. (6) (i.e., if there is no further dark-photon production or depletion
after they decouple relativistically). In this case, from the figure we conclude that a thermal
relic dark photon can be the dark matter if its mass is heavier than mγD & 0.3 keV.
B Inverse Bremsstrahlung mean free path
In this appendix we calculate the mean free-path for dark photon absorption. We assume
thermal equilibrium throughout. The strategy is to obtain first the Bremsstrahlung rate,
then relate it to the inverse Bremsstrahlung rate using detailed balance, and finally obtain
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Figure 8: Dark photon constraints from overclosure (gray), ∆Neff (blue) as a function of the
dark photon mass and temperature at nucleosynthesis. In red we also present the constraints
if the dark photons are 100% of dark matter.
the absorption mean free path directly from
`absγD (ωγD) ≡ Γ−1IBS . (49)
The dark-photon Bremsstrahlung rate for a dark-electron gas in thermal equilibrium
is [117]
ΓBS(ωγD) =
1
2ωγD
∫
dp1dp2 dp
′
1dp
′
2 n
′
1n
′
2∣∣M(1′, 2′ → 1, 2, γD)∣∣2 (2pi)4 δ4( pγD +∑
i
(pi − p′i) ) , (50)
where i = 1, 2, dp = d3p/2Ep(2pi)
3, n′1,2 are Fermi distribution functions, and we work in the
non-degenerate limit, so we neglect Pauli blocking factors. The Bremsstrahlung rate may
be rewritten in terms of the thermally weighted Bremsstrahlung differential cross section,
which has been calculated already in the literature for a massless photon [66]. For relativistic
dark-photon emission, we may neglect the dark-photon mass and use the result in [66]. In
this case, the Bremsstrahlung rate is
ΓBS(ωγD) =
pi2
ω2γD
〈
dσBS
dωγD
vee
〉
, (51)
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where thermally-weighted cross section times electron relative velocity vee is given by [66]〈
dσBS
dωγD
vee
〉
≡ ωγD
pi2
∫
dp1dp2 dp
′
1dp
′
2 n
′
1n
′
2
∣∣M(1′, 2′ → 1, 2, γD)∣∣2 (2pi)4 δ4( pγD +∑
i
(pi − p′i) )
=
16piα3Dn
2
eD
15m3eD
(
pi
TeD
meD
)−3/2
ωγD
meD
∫ 1
0
dx
F (x)
x3
e−ωγD/TeDx , (52)
where the function F (x) is defined as
F (x) ≡
[
17− 3x
2
(2− x)2
]√
1− x+ 12(2− x)
4 − 7x2(2− x)2 − 3x4
(2− x)3 ln
[
1 +
√
1− x√
x
]
. (53)
The inverse Bremsstrahlung rate may now be related to the Bremsstrahlung rate via
detailed balance [117]
ΓIBS(ωγD) = e
ωγD/TeDΓBS(ωγD) . (54)
Using Eq. (51) and (54) in Eq. (49), we obtain the dark photon absorption mean free path
`absγD (ωγD) ≡ Γ−1IBS
=
[
eωγD/TeD
pi2
ω2γD
〈
dσBS
dωγD
vee
〉]−1
=
[
16pi3α3Dn
2
eD
15m4eDωγD
(
pi
TeD
meD
)−3/2 ∫ 1
0
dx
F (x)
x3
eωγD/TeD (1−x)
]−1
,
(55)
where in the last equality we made use of Eq. (52). In our dark-electron halo, dark photons
are emitted with a typical energy ∼ TeD . Using ωγD = TeD in Eq. (55),we find
`absγD = 8.3× 10−3
(meDTeD)
5/2
n2eDα
3
D
. (56)
Equivalently, in terms of the dark-electron mass density, ρeD = neDmeD , the absorption
mean-free path is
`absγD = 8.3× 10−3
(m9eDT
5
eD
)1/2
ρ2eDα
3
D
. (57)
C Inclusion of Radiation Pressure for Halo Fragmen-
tation
In this appendix we include the effects of Eddington radiation pressure in the calculation
of the minimal fragments. We include these effects by assuming that after reaching the
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Figure 9: Same as Fig. 5 but including the radiation (Eddington) force. We shade in purple
the regions of super-Eddington luminosity. We also choose mγD = 100 eV, mγD = 10 MeV
and αD = 1/100.
Eddington limit, the dark-electron clumps virialize and contract in a nearly-virialized state
by following the Eddington limit line Eq. (44). This is illustrated in Fig. 9. Note that
the Eddington limit line closely follows the “cooling-equals heating” line depicted in green.
This is due to the fact that the collapse trajectory reaches both the Eddington limit line
and the “cooling-equals heating” line when the cooling timescale becomes comparable to the
gravitational dynamical timescale. As a consequence, and as can be seen from Fig. 9, the size
of the minimal fragments obtained by following the Eddington or “cooling-equals heating”
lines are similar. This is more comprehensively illustrated in Fig. 10, where we present in
dashed lines the mass of the minimal fragments including Eddington radiation pressure, and
in solid black without the inclusion of radiation pressure (i.e., as in Fig. 7). We see that
both results are quantitatively similar.
D Fragment compactness
In this appendix we estimate the compactness of a homogeneous dark-electron gas sphere
stabilized by the dark-photon repulsive force. The dark-electron cloud is stabilized if its
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Figure 10: Same as Fig. 7 but show-
ing in dashed lines the results obtained
by including the Eddington force and for
αD = 10
−1 (top), αD = 10−2 (middle) and
αD = 10
−3 (bottom). By comparison we
retain in solid black lines the results with-
out the inclusion of the Eddington force.
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mass equals the Jeans mass,
M = mJ , (58)
where the Jeans mass due to the dark-photon pressure is
mJ ≡ pi
6
c3s
(
pi
ρG
)3/2
neDmeD
=
4pi4neD
3m2eDm
3
γD
(
30α3D
G3
)1/2
, (59)
where in the second equality we used Eq. (14) assuming that the dark-photon force dominates
over the kinetic pressure. The dark-electron density for a homogeneous sphere is simply
neD =
3M
4pimeDR
3
, (60)
where M and R are the mass and radius of the dark electron gas sphere. Using Eq. (60) in
Eq. (59) and solving the stability condition Eq. (58), we find the dark-electron sphere radius
R =
pi
meDmγD
(
αD
G
)1/2
, (61)
so the compactness, defined in Eq. (46) is
C =
meDmγDM
pi
(
G3
αD
)1/2
. (62)
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